Batch cultures of Microcystis aeruginosa (M. aeruginosa) were cultivated at seven different temperatures to measure the specific growth rate at each temperature. A relationship between temperature and specific growth rate was established. We propose a cardinal temperature model for M. aeruginosa with the inflection point (optimal temperature) located at 27.5°C. The model describes 98% of the variability of experimental data from 5°C to 35°C. A digital inline holographic microscope was employed to visualize and analyze the buoyancy of the M. aeruginosa colonies at two different temperatures. The results demonstrated a five times difference in buoyant velocities of colonies at 17.5°C and 28°C. A model was derived to calculate the density of a colony using the buoyant velocity and colony size. The findings provide a better understanding of temperature effects on the growth and buoyancy of M. aeruginosa. The results could facilitate the prediction and mitigation of harmful algal blooms in aquatic ecosystems.
I N T R O D U C T I O N
Harmful algal blooms (HABs) have become significant worldwide problems in lakes and reservoirs, influencing municipal, agricultural and industrial water sources. HABs may result in damage to ecological communities, such as mass mortalities of fish as a result of deoxygenation of the water column caused by bacterial decomposition of organic material. HABs may also produce toxins, posing serious health threats to animals and humans (Paerl et al., 2001; Hudnell, 2008) . Microcystis is a cosmopolitan genus of toxic cyanobacteria often present in eutrophic lakes which frequently dominates HABs and toxin production within them (Jöhnk et al., 2008; Deng et al., 2014) . Their ability to competitively proliferate at high temperatures, compared to other species of algae, is one of the characteristics making cyanobacteria prevalent in summer blooms (Litchman et al., 2010) . Previous studies reported selective promotion of cyanobacteria blooms at increased water temperatures due to climate Featured Article available online at academic.oup.com/plankt change (Jöhnk et al., 2008; Paerl and Huisman, 2009; Elliott, 2010) . For instance, extremely dense blooms of Microcystis occurred in the Swan River estuary, Australia, in 2000, which had an above average water temperature (Atkins et al., 2001; Hamilton, 2003, 2004) . Previous studies have also suggested greater growth rates of Microcystis at higher temperatures (Reynolds, 1997; Chu et al., 2007; Jöhnk et al., 2008; O'Neil et al., 2012; Li et al., 2014) , and reported the temperature optima for cyanobacterial growth (Nicklisch and Kohl, 1983; Van der Westhuizen and Eloff, 1985; Watanabe and Oishi, 1985; Reynolds, 1997) .
Microcystis strains containing gas vesicles can change their cell density and corresponding buoyancy to form blooms at different vertical locations in the water column (Reynolds, 2006) . Like other buoyant cyanobacteria, Microcystis prefers calm water columns, in which they can adjust their buoyancy and regulate their vertical position (Reynolds and Walsby, 1975; WHO, 1999; Huisman et al., 2004) . Increasing temperature reduces vertical mixing, intensifies and prolongs vertical stratification and provides Microcystis with more stable environments (Livingstone, 2003; Paerl and Huisman, 2009 ). These conditions tend to favor Microcystis bloom formation (Huisman et al., 2004; Jöhnk et al., 2008; Elliott, 2010) .
The mechanisms of buoyancy regulation have been investigated and used in studies concerning the vertical distribution and oscillation of Microcystis colonies (Reynolds et al., 1987; Kromkamp and Walsby, 1990; Nakamura et al., 1993; Howard et al., 1996; Visser et al., 1997; Rabouille et al., 2005; Howard, 2006, 2011; Cirés et al., 2013) . Most of these studies used simulations to obtain the depths of Microcystis colonies in the water column and their relationship with environmental variables such as light intensity and nutrient concentration. However, the temperature effects on buoyancy have been reported in a limited number of studies. Rabouille et al. (2005) simulated the dynamic vertical distribution of Microcystis colonies at different temperatures, and Thomas and Walsby (1986) tested the buoyancy recovery (the process by which non-buoyant colonies regain their buoyancy) under two different temperatures. In addition, despite the measurement in Nakamura et al. (1993) and Rowe et al. (2016) using microscopic videography, buoyant velocities of Microcystis colonies were not measured. The aim of this study, therefore, was to visualize the movement of Microcystis aeruginosa (M. aeruginosa) using a digital inline holographic microscope (DIHM) which allows the 3-dimensional (3D) motion of microorganisms to be tracked without adjusting the camera focus (Katz and Sheng, 2010) , and examine the possible differences in their buoyant/settling velocities under different temperatures.
Most of the current models predicting the growth of Microcystis use the Arrhenius equation (Robson and Hamilton, 2003) , which was originally developed to describe the effects of temperature on chemical reactions (Bećhet et al., 2013; Schulte, 2015) . However, the Arrhenius models are unable to predict the observed phenomenon in which temperatures higher than a threshold value can strongly reduce the algal growth (Bećhet et al., 2010) . Thus, additional research is needed to predict the growth rate of Microcystis over the whole temperature range that can occur in aquatic ecosystems. A cardinal temperature model with inflection (CTMI) was proposed (Lobry et al., 1991; Rosso et al., 1993) to extend the prediction of microbial growth to temperatures higher than the optimal temperature. Bernard and Rémond (2012) validated the CTMI model in predictions of growth of various microalgae including diatoms, green algae, dinoflagellates and filamentous cyanobacteria, which did not include colony forming genus Microcystis. This study aims to investigate the growth of M. aeruginosa in laboratory batch cultures at different temperatures and develop a CTMI model specific for M. aeruginosa. The model with the derived parameters is expected to aid predictions of the specific growth rate of M. aeruginosa at any temperature within the temperature range common to aquatic ecosystems.
M E T H O D Growth rate measurements at different temperatures
The M. aeruginosa strain (B3-R-7) was obtained from the Department of Fisheries and Allied Aquacultures, Auburn University, Alabama and isolated in 2010 (Missaghi et al., 2016) . This strain was cultivated in laboratory at room temperature (which varied from 20 to 25°C) and natural light (average PAR of 169 μmol/m 2 s). The cultures were inoculated into fresh growth media periodically and examined under a microscope periodically to ensure no contamination. The inoculations and transfers were performed under a laminar flow hood and sterile conditions. Before each experiment, samples taken from these cultures were diluted in 500 mL 1:50 diluted BG-11 50X media (Sigma C3061, Sigma-Aldrich, St Louis, MO, USA) with Milli-Q water (Millipore, Billerica, MA, USA) and allowed to grow on a sterilized bench with natural light (average PAR of 169 μmol/m 2 s, average natural daylight durations of 12-15 h) at room temperature (20-25°C) for 4 days as a stock culture. The method for stock culture development and inoculation was similar to that used in Missaghi et al. (2016) and Wilkinson et al. (2016) . The volume of the stock culture to be inoculated into experimental culture flasks was calculated based on the cell counts on the fourth day to ensure the initial cell concentration of~10 5 cells/mL. The stock culture was inoculated by a pipette into three 250 mL conical flasks, each containing 4.5 mL BG-11 (C3061 SIGMA, 50X liquid), and diluted to 225 mL experimental cultures with Milli-Q water. The triplicate cultures of M. aeruginosa were incubated in the incubator (PERCIVAL SCIENTIFIC) under PAR of 142 μmol/m 2 s, shaken at 20 rpm and under 14/10 h light/dark cycles. The growth experiments were conducted under temperatures of 5°C, 10°C, 15°C, 20°C, 25°C, 30°C, and 35°C.
The cells were counted daily in a 0.1 mm deep haemocytometer under an optical microscope (Nikon Eclipse E400) with a 40X objective and 10X ocular lenses. For each flask, four of 10 μL samples were counted and the cell concentrations recorded. The averaged value was designated as the final cell concentration if the four counts differed by <10%. Otherwise, additional counting was conducted. Each experiment was conducted for 10 days, except for the one at 5°C (17 days) and 10°C (17 days) because the cells enter exponential phase and stationary phase much slower than cells at higher temperatures, necessitating additional days to acquire measurements at these states.
Growth-temperature model
The model developed in this study is based on the model proposed by Bernard & Rémond (2012) , which predicts the specific growth rate (k) at different temperature as follows: where k opt (1/day) is the specific growth rate at the optimal growth temperature, T opt (°C). T max (°C) and T min (°C) represent the upper and lower temperature limits, respectively, between which cells can survive. The specific growth rate at each temperature was calculated based on the cell concentration data during exponential growth, using the growth rate equation similar to Guillard (1973) :
where N is the cell concentration (#cells/mL) at incubation time t (day), N 0 is the initial cell concentration at t = t 0 = 0, and T (°C) is the temperature at which the cells were incubated. Equation (2) was rearranged as
where k(T) was estimated by plotting the natural logarithm of cell concentration, ln N, versus incubation time, t, and fitting Equation 3 to have the best fit to the series of observed data points.
The optimal values of the parameters (k opt , T opt , T max , and T min ) were determined by minimizing the differences between the proposed model (Equation (1)) and the observed data of k(T ) using the non-linear curve fit analyzer in Origin 9.1 (OriginLab Corporation).
Holographic measurement
Holographic measurements were conducted at two different temperatures, 17.5 ± 1.0°C and 28.0 ± 1.0°C. The only experimental variable was the ambient temperature and all other environmental variables including cell culture, light, and nutrient conditions were held constant. For the holographic measurements, water samples were collected in July 2016 from Powderhorn lake, an urban lake in Minneapolis, MN, USA (44°56′29.6″N, 93°15′ 29.4″W). For each experiment, a culture sample of M. aeruginosa was isolated manually from other organisms in the water and acclimated in an incubator at the experimental temperature for 24 h prior to the experiment. The DIHM (see Fig. 1 ) consists of a Thorlabs CPS532 laser (4.5 mW with 3.5 mm beam diameter), an Azzota 1 mm Pathlength Optical Glass Cuvette with 0.35 mL volume, an Edmund Optics 5X M plan objective with 34 mm working distance and 0.14 NA, and a Mitutoyo 1X MT-4 tube lens connected to a Flare 2M360-CL camera with maximum image size of 2048 × 1088 pixels, 5.5 μm pixel size, 13 μs shutter, and a frame rate up to 337 frames/s (fps) at full sensor size. The laser wavelength (532 nm, green) was selected because the major pigments found in Microcystis have a low absorption at this wavelength, reducing the influence of the laser on the behavior of the sample (Liu et al., 2004; Hong et al., 2010) . A T5 growth light system with two 24 W bulbs (Milliard #MIL-GLS24W2, 36 μmol/m 2 s) was placed over the sample cuvette to simulate the 14/10 h light/dark cycle. The culture sample was gently shaken for 30 s before a 0.3 mL sample was transferred to the cuvette. Images were recorded by a 1TB Digital Video Recorder (DVR) Express Core (IO Industries Inc.) at the rate of 5 Hz continuously for 10 min every hour, with each experiment lasting for 28 h. In order to minimize the risk of temperature fluctuations over the course of the experiment, the room temperature in which the experiment was conducted was adjusted in advance to match the experiment temperature of 17.5°C and 28.0°C. Monitoring of the room temperature during the experiment indicated that the temperature fluctuation was limited to ±1.0°C. Similar holographic systems have been utilized by Hong et al. (2012) and Kumar et al. (2016) to examine the behaviors of copepods and fruit flies, respectively.
The recorded holograms were enhanced by dividing by the time-averaged background of each recording and normalizing such that the image contained 99.7% of the intensity information. The enhanced holograms were digitally reconstructed by convolving them with the KirchoffFresnel diffraction kernel which is represented in the Fourier domain as follows (Katz and Sheng, 2010) 
where λ is the laser wavelength (μm), z is the reconstruction distance (μm), R is the spatial resolution of the recording (μm/pixel), m and n are matrix indices, and M and N are the width and height of the recorded image, respectively. The remainder of the processing consisted of elementary image processing operations. For 2D segmentation of the colonies, the 3D reconstructed volume was projected onto a 2D (xy) plane using a minimum intensity projection. The projected images were binarized using a constant global threshold calculated by first finding a threshold using Otsu's method for each image in a random subset of 100 images. The global threshold was 60% of the mean Otsu threshold. After binarization, the images were filtered using the morphological opening and closing operations with circular structuring elements with radii of two pixels and five pixels, respectively. These sizes were selected based on the observed sizes of the projected M. aeruginosa colonies. The area and centroid of each connected component (with 8-connectivity) were extracted. The binarization, morphological filtering and connected component processing steps were all performed using MATLAB built in functions (Mathworks, Inc., R2014a). The colony tracking was performed using the method of Crocker and Grier (1996) to build trajectories from the centroids and find the average velocity for each colony. To further remove noise particles, only trajectories lasting for 20 s (i.e. 100 frames) or longer were included in the analysis.
Buoyant velocity and velocity-density model
The temperature effects on the buoyancy of M. aeruginosa colonies were analyzed by comparing their moving trajectories and buoyant velocities at the two different temperatures. The differences in buoyancy of colonies  were due to their density change. A model was developed to correlate the density of each colony with its the buoyant velocity in order to estimate the density change of colonies at different temperatures. This model was similar to that for the settling velocity of particles (i.e. Stokes drag) but with the positive velocity direction defined opposite to the direction of gravity.
Modelling an M. aeruginosa colony as a sphere, the equation of momentum for a colony in quiescent fluid includes the buoyant force, drag force, gravity and an added mass term, which can be expressed as
where ρ col is the colony density, ρ w is the water density, V col is the volume of colony, W b is the buoyant velocity of the colony (upward vertical velocity), A P is the projected area of colony, C D is the drag coefficient, g is the gravitational acceleration and C m is the added mass coefficient. In a moving fluid, relative colony velocity is given by
f , where W f is the fluid downward velocity. Our DIHM set up was designed to minimize W f in the cuvette which implies that ≈ W W 
Statistical analysis
A one-way ANOVA was conducted to determine the significance of differences in specific growth rates at different temperatures (df = 6, α = 0.05). A pair-sample t-test was conducted to determine the significance of differences between buoyant velocities at 28°C and those at 17.5°C (df = 27, α = 0.05). The ANOVA and the t-test were carried out with Origin 9.1 (OriginLab Corporation).
R E S U L T S Temperature effects on growth Growth at different temperatures
Cell concentration of M. aeruginosa in each sample at each temperature was recorded daily (Fig. 2) . Based on the cell concentration data, the specific growth rate of cells at each temperature was estimated. Only the data points of pre-stationary phases were used to calculate the specific growth rates. Before reaching the stationary phase, the cell concentration of M. aeruginosa followed the exponential growth pattern. Figure 3 shows the natural logarithm of the pre-stationary data of mean cell concentration at each temperature. The specific growth rate at each temperature is depicted by the slope of the solid line (Equation (3)). Culture 1 at 5°C did not show detectable growth so only Cultures 2 and 3 were used in the calculation of growth rates and model development. Rather than calculating the mean cell concentration and the standard deviation based on two samples at 5°C, the cell concentration of each culture time series was presented individually in Fig. 2 (A) and (B) , and the corresponding specific growth rate was calculated and shown in Fig. 3 (A) and (B).
Our experiments indicated that the specific growth rate of M. aeruginosa cells increased with temperature from 5°C to 30°C, while it decreased from 30°C to 35°C. The cells incubated at 30°C achieved the highest specific growth rates among all the incubation experiments in this study (Fig. 3) . This indicated that the optimal temperature for the growth of M. aeruginosa cells should be close to 30°C. The duration of growth phases at each temperature changed with the specific growth rate. It took less time for cells to reach the exponential phase as temperature increased (Fig. 2) . For example, the cells entered the exponential phase after 7 days of incubation at 10°C, while it took only 3 days for the cells to reach the exponential phase at 30°C. However, when the temperature was as high as 35°C, the growth slowed down and the growth cycle became longer so it took 5 days for the cells to reach the exponential phase. Moreover, due to the low temperature, the two cultures at 5°C grew successfully but very slowly without a clear change between the lag and exponential phase.
Growth-temperature model
The values of specific growth rate at seven temperatures were plotted (Fig. 4) and substituted into Eq. 1 for iterative analysis (Origin 9.1) to generate the best fit curve with values of the parameters (k opt , T opt , T max and T min ). The analysis of the data revealed k opt = 0.74/day, T opt = 27.5°C, T max = 38.4°C and T min = 0°C. The estimated parameters (T max and T min ) provided the temperature limits for M. aeruginosa growth. The cells would achieve the greatest growth rate of 0.74/day at the temperature of 27.5°C. The R-square of this analysis is 0.98, which implies the proposed model describes 98% variability of growth rates.
Temperature effects on buoyancy Trajectories and velocities
The spatial position data of each colony was obtained from the holograms and the movement trajectories were tracked as the displacement from frame to frame. Fig. 5 shows the first 20 seconds of trajectories for experiments at 28.0 ± 1.0°C and 17.5 ± 1.0°C, respectively. In total, 6579 particles for the 28°C experiment and 3453 particles for the 17.5°C experiment were selected and their trajectories plotted. Since each of these trajectories is of the same duration, the length is surrogate for the velocity. It is evident that the M. aeruginosa colonies at 28°C exhibit longer displacement in 20 seconds than those at 17.5°C (Fig. 5) . Mean vertical velocities were calculated for all the particles in each recording, with a recording period of 1 h (Fig. 6) . The mean vertical velocity of colonies at 28°C is significantly greater than at 17.5°C at all times during the 28 hr measurement period (t-test, P < 0.01), while the spread of velocities at 28°C is also greater than that at 17.5°C. 
Velocity-density model
The vertical velocities of M. aeruginosa colonies were averaged over all the data points in each experiment, which provides an averaged velocity for the 17.5°C experiment and one for the 28°C experiment. Projected areas for colonies estimated from the holographic measurement were converted to equivalent spherical diameters and averaged over all data points in each experiment. Using the averaged velocities and averaged areas, a typical Reynolds number of colonies was calculated to be = ≈ = ⋅ Averaged densities of each colony for the 28°C and 17.5°C experiments were calculated by substituting the averaged velocities and diameter into Equation (7). The parameters and calculation results are shown in Table I . The density of colonies at the high temperature is significantly smaller than that at the low temperature, thereby leading to greater density difference between colonies and water. The colonies exhibit greater buoyancy change due to density change in the 28°C environment than in the 17.5°C environment.
D I S C U S S I O N
The objectives of this study were to investigate the growth and buoyancy of M. aeruginosa under laboratory conditions at different ambient temperatures. The growth data enabled the formulation of functional relationship, the CTMI model, between the specific growth rate and the temperature. The digital holographic in situ data of the buoyant velocities of M. aeruginosa colonies revealed that the ambient temperature influences the colony density that regulates their buoyancy. In this section, we discuss the validation of the CTMI model and temperature effects on buoyancy including colony movement trajectories, sizes, and densities.
Validation of the CTMI model for M. aeruginosa
The specific growth rate changes significantly with temperature (ANOVA, P < 0.01). The relationship between the specific growth rate and the temperature established  from our experimental results agrees with the results of Chu et al. (2007) and Imai et al. (2009) . These reported laboratory studies both indicated significant differences of specific growth rate of M. aeruginosa at 20°C and 30°C.
The cardinal temperature model with inflection originally proposed by Rosso et al. (1993) has been validated for description of a large range of bacteria (Rosso et al., 1993; Le Marc et al., 2002) , and a variety of microalgal species (Bernard and Rémond, 2012) . However, this study is the first to validate and parameterize the CTMI model for Microcystis. Validation of the model identifies the four parameters for Equation (1): k opt = 0.74 /day, T opt = 27.5°C, T min = 0°C, and T max = 38.4°C (Fig. 4) . The estimated model parameters are in close agreement with reported experimental values (Nicklisch and Kohl, 1983; Robarts and Zohary, 1987; Reynolds, 1997) . The proposed CTMI model of growth agrees with the conceptual model of Microcystis growth shown in Jöhnk et al. (2008) , whose data points were obtained from Reynolds (1997) , with slight differences in values. The parameters were derived from the best fit of the model curve which generated the highest adjusted R-square (0.98). However, since our experimental results ranged only from 5°C to 35°C and the growth at 5°C was very small, the CTMI model was only validated for growth of M. aeruginosa at temperatures from 5°C to 35°C, i.e. k = k(T) for 5°C < T < 35°C.
Temperature effects on buoyancy Movement trajectories and buoyant velocities
The major vertical direction of the trajectories shown in Fig. 5 displays a deviation from the gravitational vertical direction, particularly in the measurements of the 28°C experiment. The deviation is due to circulation inside the cuvette, proven with additional measurements with larger field of view using preserved M. aeruginosa cells (approximately neutrally buoyant) as tracking particles. These additional measurements also showed a very small speed (<1 μm/s) of the tracking particles, indicating that the circulation has a minimal impact on the magnitude of colony velocities. The fan-like divergence of the trajectories is due to the geometry of M. aeruginosa colonies. The colonies are assumed as spherical particles while they are, in fact, irregular shapes ranging from flakes to ellipsoids. Each colony may have a trajectory departing from the reference axis (major direction), due to the theory of Stokes flow over particles in arbitrary shape (Panton, 2013) .
The trajectories show that most colonies were moving upwards, indicating a buoyancy gaining or colony density decreasing process. Based on previous studies (Reynolds et al., 1987; Rabouille et al., 2005) , the buoyancy of Microcystis can be regulated in three ways: 1) turgor collapse when exposed to pressure or light over a critical value; 2) regulating the rate of gas vacuoles synthesis and relative gas vacuoles content compared to rate of cell growth and division; 3) regulating the relative content of the intracellular dense carbohydrates ("ballast") produced by photosynthesis. Both experiments in this study were conducted under the same conditions except for temperature so turgor collapse is not the mechanism of buoyancy regulation in these experiments. The experiments only lasted for 28 h which is too short for the regulation to be dominated by cell growth and division. Thus, the variation of the intracellular dense carbohydrates content is likely to be the reason for the density change of colonies. The synthesis of cell materials (e.g. proteins and lipids) from dense carbohydrates and nutrients, and the respiration of cells, which generates energy from carbohydrates degradation, are two of the major activities causing the In the 28°C experiment, 90% colonies showed a positive buoyant velocity (i.e. the colonies were floating), while in the 17.5°C experiment, only 80% colonies showed a positive buoyant velocity. This result agrees with the relation between buoyancy recovery and temperature reported in Thomas and Walsby (1986) , which showed 84% recovery of non-buoyant colonies at 30°C and only 10% recovery at 7°C. The percentage difference is smaller in this study due to the smaller temperature difference. This also illustrates that the observed sudden increases in sedimentation of Microcystis colonies after bloom disappearance in autumn could be partly due to poorer buoyancy at low temperatures (Rabouille et al., 2005; Cirés et al., 2013) .
Diurnal changes in depths, velocities or colonial densities over several consecutive days have been reported in other studies (Howard et al., 1996; Visser et al., 1997; Rabouille et al., 2005) . The mean buoyant velocities in Fig. 6 show no periodic patterns but fluctuations in velocities at the temperature of 28°C. One possible explanation is that the colonies were affected by more than one mechanisms of buoyancy regulation and thus were experiencing a longer regulation cycle. Since the experiments in this study lasted only for 28 h, the colonies remained in the buoyant phase for the entire duration of the investigation.
Colony sizes
The averaged sizes in this study (shown in Table I ) are relatively small compared to Microcystis colonies in some other studies. For instance, Nakamura et al. (1993) reported colony diameters from 10 1 to 10 3 μm and Rowe et al. (2016) reported 117 μm as the median of colony diameters. Meanwhile, the averaged buoyant velocity in the present study is also relatively small. We produced 3D histograms showing the frequency of buoyant velocity (4 μm/s bin width) and colony diameter (21 μm bin width) for both the 28°C and the 17.5°C environment in Fig. 7 . It shows that the buoyant velocity ranges from 0 to 40 μm/s and the colony diameter ranges from 0 to 210 μm. These ranges agree with the results of a subrange (colony diameter < 100 μm) of Sample #900 803 in Nakamura et al. (1993) . However, our colony diameters are dominated by relatively small values (Fig. 7) , and therefore no clear relationship between buoyant velocity and colony diameter can be established from our results as in the above studies. The buoyant velocity distributions in the present study show smaller magnitudes but similar shapes as in Rowe et al. (2016) (Fig. 4c in their paper) . This reveals that our  samples contain relatively smaller colonies that slowly migrate upwards instead of oscillating over depths diurnally. This agrees with the statement in Okada and Aiba (1983) that the amplitude of oscillation will be increased by increasing the colony radius.
Colony densities
The velocity-density model in the present study is based on Stokes' law which has been applied in simulations for several strains of buoyant cyanobacteria in previous studies (Howard et al., 1996; Visser et al., 1997; Rabouille et al., 2005; Howard, 2006, 2011) . Although the density of a Microcystis colony changes periodically even at the same temperature due to photosynthesis and biosynthesis, our results show that the averaged density of the colonies in higher temperature environments appeared to be lower than that in lower temperature environments.
Based on Equation (6) . However, the ratio in our result is 5.1, which indicates there is a significant difference in colony densities at the two temperatures.
Limitations, applications and future studies
The M. aeruginosa strain B3-R-7 used in the growth experiments was subjected to long-term laboratory cultivation. The cells mostly existed as individual cells instead of colonies and no vesicle structures were observed inside the cells under the optical microscope. In addition, no movements of the cells could be captured by the DIHM system, although the cells did not sink to the bottom because they were close to neutral buoyancy. The observations implied that there were deficiencies in the synthesis of gas vesicles (GV) in these cells and they did not have the buoyancy regulation-based migration ability. The GV-deficient mutations have been reported for M. aeruginosa in laboratory cultures, where GV synthesis is no longer needed due to sufficient nutrient and light supplies in laboratory environments (Mlouka et al., 2004) . The difference in growth between GV-deficient M. aeruginosa and wild-type M. aeruginosa (e.g. samples from Powderhorn Lake) needs to be studied further.
The CTMI model for M. aeruginosa provides a prediction tool to estimate growth rates at a variety of temperatures. The model will be instrumental in water quality models which can successfully predict 3D water temperature variability in response to meteorological forcing (e.g. Chung et al., 2014) to predict spatial and temporal heterogeneities of Microcystis in aquatic ecosystems. For the first time, we demonstrate that ambient temperature has strong effects on the buoyant velocities of Microcystis. This inspires the incorporation of temperature factors into the model development of Microcystis migration in the future. The findings also provide motivations for further investigations into the biochemical and physiological changes of Microcystis that arise as a result of different ambient temperatures and provide fundamental mechanisms for the behaviors described in this study. The observations of microalgal movements were made possible by the implementation of the DIHM. The DIHM system is low cost, highly compact and a promising laboratory and field technology. It can be readily integrated with existing autonomous/robotic devices used in the field for long-term and large-scale in situ quantification of plankton distribution and behavior.
C O N C L U S I O N S
Laboratory measurements were conducted to investigate the effects of ambient temperatures on M. aeruginosa specific growth and vertical migration. We demonstrate that the specific growth rate of M. aeruginosa increases with temperature up to the optimal growth temperature of 27.5°C. At higher temperatures, the specific growth rate is inversely affected. The CTMI model with the inflection point located at 27.5°C describes 98% variability of the growth of M. aeruginosa at experimental temperatures from 5°C to 35°C. The ambient temperature is also shown to have an impact on vertical migration of M. aeruginosa. The buoyant velocities of M. aeruginosa colonies at 28°C are approximately five times as great as those at 17.5°C. The temperature is shown to influence the colony density of M. aeruginosa, which regulates their buoyancy. We propose a functional dependence of the M. aeruginosa colony density on the buoyant velocity and colony size. The results will facilitate the prediction of M. aeruginosa growth and buoyant velocities at a variety of ambient temperatures in aquatic ecosystems. 
